A e | Microbiology and Molecular
SOCIETY FOR : .
—3| MICROBIOLOGY BIO'Ogy Reviews

CrossMark
& click for updates

Complexities in Ferret Influenza Virus Pathogenesis and Transmission

Models

Jessica A. Belser,? Alissa M. Eckert,® Terrence M. Tumpey,? Taronna R. Maines®

Influenza Division, National Center for Immunization and Respiratory Diseases,” and Division of Communication Services, Office of the Associate Director for

Communication,” Centers for Disease Control and Prevention, Atlanta, Georgia, USA

SUMMARY
INTRODUCTION ... e
STANDARDIZATION OF MATERIALS ... ...
INOCULATION ROUTE . ...
INOCULATION DOSE . . ..o
ASSESSMENT OF DISEASE SEVERITY ...
SAMPLE COLLECTION AND TIMING. ...
TRANSMISSION MODELS. ... e
TRANSMISSION EXPERIMENTAL DESIGNS ...
CONCLUSIONS ... e
ACKNOWLEDGMENT . ...
REFERENCES . ... .

SUMMARY

Ferrets are widely employed to study the pathogenicity, transmis-
sibility, and tropism of influenza viruses. However, inherent vari-
ations in inoculation methods, sampling schemes, and experi-
mental designs are often overlooked when contextualizing or
aggregating data between laboratories, leading to potential
confusion or misinterpretation of results. Here, we provide a
comprehensive overview of parameters to consider when plan-
ning an experiment using ferrets, collecting data from the exper-
iment, and placing results in context with previously performed
studies. This review offers information that is of particular impor-
tance for researchers in the field who rely on ferret data but do not
perform the experiments themselves. Furthermore, this review
highlights the breadth of experimental designs and techniques
currently available to study influenza viruses in this model, under-
scoring the wide heterogeneity of protocols currently used for
ferret studies while demonstrating the wealth of information
which can benefit risk assessments of emerging influenza viruses.

INTRODUCTION

he use of small mammalian models permits the study of com-

plex pathogen-host interactions and multifactorial traits that
may not be possible outside a living host. Well-established mam-
malian models further provide a framework for the evaluation of
interventions and therapeutics to mitigate disease. For influenza
virus, a principal respiratory pathogen capable of causing a spec-
trum of human illness from mild to life-threatening, these models
have contributed invaluable information toward the prevention
and control of human infection. Evaluating the pathogenesis,
transmission, and tropism of emerging influenza viruses repre-
sents a key component of public health risk assessment. However,
it is critical that experiments performed with mammalian models
be designed precisely, conducted fastidiously, and interpreted re-
sponsibly, with any limitations affecting the conclusions of the
study disclosed. Only then can the findings contribute to the un-
derstanding of human health and disease.
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Several small mammalian models are routinely employed for
the study of influenza viruses, each with its own advantages and
limitations depending on the research question addressed.
Among these species, which include the mouse, ferret, guinea pig,
cotton rat, and swine, the ferret is considered best suited for the
coincident study of mammalian pathogenesis and transmission
(1). Similar to the case for humans, inoculation of ferrets with
influenza virus leads to predominant infection in the upper respi-
ratory tract, with numerous clinical signs and symptoms shared
between the two species, as shown in Fig. 1 (2). The utility of
ferrets to model human infection with influenza virus is further
evidenced by commonalities between the species with regard to
comparable shedding of virus-containing respirable aerosols fol-
lowing infection, induction of innate and adaptive immune re-
sponses, and the capacity for highly virulent viruses to cause severe
lower respiratory tract disease and spread to extrapulmonary tis-
sues, among other considerations (3-5). Close physiologic links
between ferret and human respiratory tissues and comparable
binding patterns of human and avian influenza viruses to sialic
acid receptors distributed throughout the respiratory tract further
strengthen the applicability of ferrets to study human disease (6,
7). However, the paucity of commercially available ferret-specific
reagents, especially those which characterize the host response,
has limited the ability of researchers to study in detail innate and
adaptive responses to influenza virus infection and vaccination in
this species. Sequencing of the ferret genome represents a critical
addition to the utility of the ferret model for respiratory disease
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FIG 1 Clinical signs and symptoms of influenza virus infection. Selected commonalities in influenza virus infection between humans and ferrets are depicted.

study (8); advances in this area of research in the ferret will con-
tinue to broaden the applicability of this species in influenza virus
research.

When evaluating research performed in the ferret, there are a
myriad of factors and decisions which can ultimately affect the
experimental results presented. As described in more detail
throughout this review, results can be influenced by numerous
parameters, including, but not limited to, stock generation and
passage history, the age, gender, and immunological background
of the ferrets used, the housing and environmental conditions
under which the experiment is performed, the route and dose of
virus inoculation, the timing and choice of sample collection, and
the design of the transmission setup. As there is an ongoing need
to improve the basis for assessment of the risks posed by influenza
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viruses (9), understanding the role that these choices in experi-
mental design can play in research studies and how these mam-
malian models can be further improved for use in risk assessment
is critical.

STANDARDIZATION OF MATERIALS

A great deal of heterogeneity is introduced into the experimental
design of mammalian laboratory experiments before the first an-
imal is inoculated. With no universal standard established for
ferret studies evaluating the relative risk of influenza viruses,
virus-specific, host-specific, and equipment-specific variation
is inherent in published studies. This represents a double-edged
sword: while these laboratory-specific conditions limit the ease of
directly comparing results obtained by different research groups,
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TABLE 1 Respiratory droplet transmission studies with H7N9 influenza viruses, 2013

Inoculum Inoculum Total no. of % overall RD
Study authors Ferret gender Ferret age vol (l)” dose” Viruses® Ferrets” transmission® Reference
Zhu et al. Male 1.5yr 500 10° TCID5, 1 3 66 88
Zhang et al. Female 4 mo 500 10° EIDs, 3 12 66 75
Belser et al. Male 7—-8 mo 1,000 10° PFU 2 9 33 89
Watanabe et al. Female 5-8 mo 500 10° PFU 1 3 33 90
Richard et al. Female 1-2yr 500 10° TCIDs, 1 4 75 91
Xu et al. Male 6-12 mo NR 10° TCID5, 1 3 33 92

“Volume of virus delivered intranasally to anesthetized ferrets. NR, not reported.

b Dose of virus used to inoculate ferrets. TCID5,, 50% tissue culture infectious dose; EIDs, 50% egg infectious dose.

¢ Total number of unique wild-type H7N9 viruses isolated from human cases included in the study.

4 Total number of pairs of inoculated and contact ferrets used in the study to determine virus transmissibility.

¢ Percentage of transmission events detected among all pairs of inoculated and contact ferrets tested. All transmission events were defined as virus isolation from contact ferrets,
with the exception of one ferret in the study by Zhu et al. (88) that seroconverted in the absence of virus detection. RD, respiratory droplet.

the body of work performed by multiple laboratories contributing
to initial assessments of pathogenesis and transmission of influ-
enza viruses permits a robust collection of data which surpasses
potential biases of experimental conditions and strain-specific in-
fluences. For example, none of the six published reports in 2013
characterizing the airborne transmissibility of novel H7N9 viruses
isolated from China possessed identical experimental designs,
with differences in ferret ages, genders, inoculation doses and vol-
umes, total number of viruses tested or ferrets used to conduct
each experiment, or criteria to determine transmissibility present
between studies (Table 1). It is, therefore, not surprising that rel-
ative rates of virus transmission ranged from 33 to 75% in indi-
vidual studies. However, these data collectively illustrate the lim-
ited transmissibility of this virus by respiratory droplets and
provide a more comprehensive consensus of this property than
can be provided by any one isolated study.

Beyond the parameters compared in Table 1, which are dis-
cussed in more detail below, there are numerous additional prop-
erties that can vary between studies reporting on a given virus
strain. Influenza viruses are propagated, titrated, and standard-
ized to equivalent inoculation doses using either eggs (typically
reported as a 50% egg infectious dose [EIDs,]) or cells (typically
reported as PFU or 50% tissue culture infectious dose [TCIDs,]).
Variation in the age, source, inoculation dose, and incubation
time of eggs used to grow viruses can alter the resulting infectivity
of the propagated stock. Similarly, the cell type, quantity and type
of exogenous trypsin added to culture, inoculation dose, and in-
cubation time can influence the infectivity of cell-grown stocks.
Furthermore, the quality of the resulting virus stock can be altered
by the temperature maintained during stock preparation and stor-
age, the number of freeze-thaws that may have taken place since
initial stock generation, the presence of quasispecies in the stock,
and the passage history of the virus prior to inoculation (10).
While the importance of these parameters is evident, they can
nonetheless be overlooked when efforts to directly compare in
vivo results from one laboratory to the next are made.

Characterization of influenza viruses in the ferret typically oc-
curs in the same subspecies (Mustela putorius furo), but as is illus-
trated in Table 1, the age and gender of ferrets differ between
studies. While young adult ferrets (generally 4 to 12 months old)
are most frequently used, the age of animals employed can vary
depending on the questions addressed in the study, ranging from
ferrets that are newly weaned (=8 weeks old) to aged ferrets (>4
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years of age) (11, 12). The choice of anesthetic used for inocula-
tion and sampling postinoculation (typically ketamine cocktails of
various compositions and dosages administered intramuscularly,
inhaled isoflurane, or both) can vary between laboratories, leading
to differences in the depth of sedation and the respiration rates of
sedated animals (13-16).

The repertoire of human antibodies to influenza virus is influ-
enced by numerous factors, including prior viral infection, vacci-
nation, and individual host factors, complicating the study of pri-
mary immune responses elicited following exposure to a given
strain (17). However, due to the high susceptibility of ferrets to
influenza virus infection, difficulties in controlling for immuno-
logical backgrounds of seropositive animals, and need to study
primary virus infection, ferrets in mammalian pathotyping and
transmission studies should be prescreened to ensure seronegativ-
ity to circulating influenza A and B viruses (following either direct
exposure or passively acquisition of maternal antibody) (18); the
increased commercial availability of seronegative ferrets in recent
years has made this a nearly ubiquitous requirement for influenza
virus research in this species. Thus, it is important to pay close
attention to the age, gender, vendor, and serostatus of ferrets when
comparing results between laboratories. Given the seasonality of
many influenza viruses, laboratories must additionally monitor
and regulate ambient temperature and relative humidity levels
year-round to ensure experimental reproducibility during all sea-
sons regardless of external environmental conditions.

INOCULATION ROUTE

As influenza virus is a respiratory pathogen, inhalation of virus-
containing aerosols is considered a predominant route of virus
spread among people. However, it represents just one of several
possible modes of influenza virus transmission, which encompass
direct contact, indirect contact with virus-containing surfaces,
droplet transmission (droplets of =5 pm in size, which typically
travel less than 1 m from the infected host), and airborne trans-
mission (droplets and droplet nuclei of <5 pm in diameter, which
can remain suspended in the air for an extended period of time)
(19). Thus, beyond virus inhalation, potential means of human
exposure to influenza virus include, but are not limited to, contact
with fomites, the splashing of contaminated fluid onto the face,
and the lack of wearing appropriate respiratory and/or eye protec-
tion in a potentially contaminated environment, all of which rep-
resent past documented routes of avian-to-human transmission
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of virus (20). Ingestion of virus-containing matter represents an
additional potential means of exposure (21, 22).

It is understandable that the way a person is exposed to influ-
enza virus could influence the resulting disease that occurs once
infection is initiated. For example, recent studies describing inoc-
ulation of ferrets by the aerosol exposure route (either whole-body
or nose-only exposure) have been driven by efforts to more closely
mimic a typical human airborne exposure to virus in this species
(23, 24), and studies examining the potential of virus infection of
ferrets following consumption of infected meat have met a public
health need (25, 26). Modulation of the inoculation route can
affect where the virus is deposited following exposure (24, 27),
where initial virus replication takes place (22, 26), and the timing
and extent of virus dissemination to other tissues (26, 28, 29). As
shown in Fig. 2, there are a wide array of established inoculation
methods in the ferret, which include (but are not limited to) the
intranasal, tracheal, ocular, and gastric routes, all of which can
modulate where virus is deposited, replicates, and spreads
throughout the course of infection. Further variability may be
present within each of these routes; for example, ocular inocula-
tion of ferrets may be conducted with either a liquid suspension or
via aerosol exposure, and gastric inoculation may be conducted
via the use of an endoscope or by ingestion (26-28). Thus, care
should be taken to choose the inoculation route which best emu-
lates and reflects the parameter examined in the study.

Despite this body of knowledge regarding the important role
that the inoculation route can play in the resulting infection, the
established, traditional means of inoculating ferrets for the study
of influenza virus pathogenesis remains the intranasal route, that
is, the instillation of diluted virus in a liquid matrix into the nares
of the ferret. The ubiquity of the use of this route stems from its
ease and reliability in establishing a uniform, reproducible infec-
tion in the animal. However, inoculation of ferrets by the intrana-
sal route can be performed with a range of volumes, typically
between 500 pl and 1 ml, though much lower volumes have been
reported as well (27, 30, 31). The inoculum volume can greatly
affect the coverage in the mammalian respiratory tract initially
exposed during the inoculation, and the tendency of ferrets to
swallow during inoculation can affect the ultimate dose that stays
within the respiratory tract (Fig. 2). Tracheal inoculation, where
the upper respiratory tract is bypassed via the use of an otoscope or
other method, can also greatly affect the location and coverage of
respiratory tract tissues initially exposed to the virus inoculum
(29).

While modulating the inoculation route can provide a wealth
of information about the behavior of influenza viruses in a mam-
malian host, there are clear conceptual differences between di-
rectly inoculating a ferret with a fixed quantity of virus during a
defined period of time and the “natural” contraction of disease
which occurs in humans. Underscoring this, recent studies have
shown that at low doses, aerosol inoculation can more closely
emulate a naturally acquired airborne infection than inoculation
using a liquid suspension (24). A ferret model of household con-
tact was developed by using a directly inoculated ferret to transmit
virus to susceptible contacts and then using these contact ferrets to
test the efficacy of prophylactic regimens (32); while this approach
yields ferrets that are more “naturally” infected, potentially aug-
menting the applicability of the results to human situations, it is
difficult to control precisely the timing and viral input leading to
infection in these contacts, increasing variability in the experi-
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mental protocol. As discussed in more detail below, ferrets in-
fected “naturally” can still possess differences in virus diversity
based on the transmission mode employed (33).

INOCULATION DOSE

Standard inoculation of ferrets by the intranasal route typically
employs a dose of 10° to 107 PFU, EIDs, or TCIDs,. This input
ensures the greatest likelihood of virus infectivity and replication
in the ferret, leading to a robust infection that reveals the maxi-
mum capacity of the virus to cause severe disease; doses above 107
may result in less severe disease due to the presence of putative
defective interfering particles in the inoculum. However, this dose
is unrealistically high compared with typical infectious doses in
humans, which have been shown to be as low as 3 TCID5, follow-
ing exposure to small-particle influenza virus aerosols (34, 35).
Similarly, studies quantitating the 50% infectious dose of influ-
enza viruses in the ferret (FID5,) have revealed that both avian and
human influenza viruses are capable of high infectivity in this
species, with doses under 10 PFU leading to productive ferret in-
fection following inhalation of virus-containing aerosols (24, 36).
Low-dose infection has also been documented following inocula-
tion of ferrets by the ocular route (28).

Beyond affecting pathogenicity in the ferret, the inoculation
dose also appears to be a contributing factor in determining the
transmission efficiency of a virus in this species. Transmission of
human seasonal influenza viruses between cohoused ferrets has
been documented following inoculation of donor animals at doses
of =10 PFU (24, 37). However, while only limited studies have
been conducted on this topic to date, it appears that virus trans-
missibility in ferrets is dependent on both the level and duration of
peak virus shedding in the upper respiratory tracts of inoculated
animals, thresholds which may not be achieved at very low inoc-
ulation doses in this model (24). In support of this, placement
of ferrets in direct contact with animals inoculated with a high
(10° EIDs,) but not a low (10° EIDy,) dose of an H5N1 virus
resulted in seroconversion of the contact ferrets, possibly due to
reduced viral shedding by ferrets inoculated with the lower dose
(38).

Inoculation of ferrets for standard pathotyping and/or trans-
mission studies is performed with one virus strain. However,
coinfection studies to assess viral fitness and generation of natural
reassortants during infection have been performed, typically to
study the risk of concurrent seasonal and zoonotic influenza virus
infection (39, 40) or the comparative fitness of wild-type versus
mutation-bearing viruses (41). These studies can be performed by
inoculating ferrets with either an equal or variable ratio of each
virus in the inoculum, depending on the questions addressed.
Furthermore, while the use of healthy young adult ferrets is stan-
dard in the field, manipulation of the health or immune status of
ferrets prior to and/or during infection (including inoculation of
pregnant ferrets, coinfection with Streptococcus pneumoniae, or
administration of chemotherapy or other immunosuppressive
agents) can provide useful information about the course of disease
or efficacy of vaccination or antiviral administration in compara-
ble human populations (42—46), which may concurrently require
modulation of typical inoculation parameters.

ASSESSMENT OF DISEASE SEVERITY

As highlighted in Fig. 1, the presentation of multiple clinical signs
and symptoms of infection is shared between ferrets and humans.
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FIG 2 Contribution of inoculum route and volume to influenza virus virulence in the ferret. Examples of variance in location and viral load between multiple
different inoculum routes employed in the ferret model are shown. Green shading indicates locations with high viral loads. Selected advantages and disadvantages
for each inoculum route are highlighted.
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Typical assessments of ferret health postinoculation generally in-
clude measures of weight loss, anorexia (aversion to food), fever,
activity level, sneezing, dyspnea, nasal or ocular discharge, diar-
rhea, and neurological complications. However, the detection,
measurement, and analysis of these signs and symptoms can vary
greatly between laboratories, and the quantitative assessment of
these parameters can be difficult due to potential subjectivity in
assessments, a paucity of sustained periods of observation, and the
influence of confounders (such as scheduling of anesthesia ad-
ministration). Fever (generally defined as a rise over baseline tem-
perature) typically peaks by day 2 postinoculation when ferrets are
inoculated by traditional means with a high dose of virus, but this
can vary based on inoculation conditions and the virus used to
infect (47). Body temperature is typically monitored by use of a
rectal thermometer or the use of subcutaneous implants (with
observations collected 1 or 2 times a day). Alternatively, telemetry
systems permitting automated collection of continuous core tem-
perature data or collection at preset time points are also available;
depending on the implant, additional parameters (e.g., activity or
respiration) may be measured simultaneously. Typically, surgical
implantation of the transponder device is required (48, 49). The
incidence of sneezing in ferrets is generally noted during routine
periods of observation. Consistent documentation of this can be
challenging if animals are cohoused or if they are housed inside
containment devices that limit a direct line of sight.

Measuring ferret activity levels during the acute phase of infec-
tion can provide a valuable piece of information when assessing
disease severity. Daily scoring of activity level is a traditional
method to evaluate this property (50); computation of a relative
inactivity index from these observations provides a quantitative
way to compare activity levels between viruses of high or low vir-
ulence in this model (51). These types of scoring systems can be
expanded beyond activity level to encompass several clinical signs
and symptoms of infection (52). The effect of infection on endur-
ance has also been assessed by training ferrets to use a modified
treadmill, so that ferrets experiencing more severe disease exhibit
reduced activity on the treadmill compared with that of ferrets
experiencing a milder illness (48). Video tracking analyses to
quantify changes in activity following infection have also been
recently described (53).

As is standard with all laboratory animal manipulations, sev-
eral endpoint criteria are employed when conducting studies with
influenza viruses in the ferret. Weight loss endpoints are typically
enforced when a ferret falls below 20 to 30% of its preinfection
weight. The development of neurological symptoms (typically ob-
served as hind limb weakness/paralysis, torticollis, or behavioral
shifts) is considered a humane endpoint, as is the onset of pro-
nounced lethargy. If an endpoint is reached during the acute phase
of infection, a postmortem necropsy may be performed to exam-
ine the possible spread of virus to extrapulmonary tissues, includ-
ing the brain, as discussed in more detail below.

SAMPLE COLLECTION AND TIMING

There are several samples which can be collected throughout the
acute phase of infection in ferrets (Fig. 3). Nasal wash, where ster-
ile liquid is introduced into the nasal passages of the ferret (which
may or may not induce sneezing, depending on the technique
employed) and aspirate is collected for subsequent titration, is a
frequently collected sample (49, 51). High viral titers in nasal wash
are indicative of efficient replication in the respiratory tract, but
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due to the expulsion of the liquid matrix, especially if sneezing is
induced, this sample is representative of multiple anatomical sites
in the respiratory tract beyond the nasal passages. Swabbing of the
nose and/or throat represents an alternative to nasal washing, per-
mitting repeated sampling under anesthesia of these more discrete
locations (54). High viral loads in bronchoalveolar lavage fluid
have been reported in ferrets following influenza virus infection,
but this sample is infrequently collected during routine pathotyp-
ing experiments (16). Rectal swabs may be collected to assess the
presence of virus in the gastrointestinal tract (55). Conjunctival
swabs and washes may also be collected to identify the presence of
virus in the ocular milieu (27). These samples are typically titrated
for the presence of infectious virus, but molecular analyses, such
as sequencing, may also be performed. The presence of immune
mediators may also be detected by reverse transcription-PCR
(RT-PCR) or enzyme-linked immunosorbent assay (ELISA) (4).
Peripheral blood and serum collected in small volumes may be
sampled to observe viremia or perform other lymphohematopoi-
etic assessments, including determination of lymphopenia, leuko-
penia, and/or serum abnormalities (56). Collection of these sam-
ples is generally noninvasive to the ferret, and the samples are
typically collected on alternate days postinoculation until virus
has cleared the animal. Daily sampling is possible but generally is
not conducted due to additional concerns associated with the
need for frequent anesthesia of animals.

Scheduled necropsy of ferrets provides an opportunity to bet-
ter identify the scope of virus dissemination throughout the ani-
mal. Collection of samples from discrete sites throughout the re-
spiratory tract (including the nasal turbinates, soft palate, trachea,
and lung) provides more precision in identifying sites of virus
replication in the ferret than, for example, collection of a nasal
wash sample, which is likely inclusive of multiple sites in the re-
spiratory tract (Fig. 3) (57). Unlike the case for smaller models,
such as the mouse, where collection of whole tissues is possible,
the larger size of ferrets necessitates sampling of most tissues. As
such, uniformity in collection of these samples between ferrets is
critical, as is detail in describing the methodology for multiple
sampled sites. For example, viral loads may differ in tracheal sam-
ples collected from the upper or lower region, distal regions of the
lung may possess reduced viral loads compared with those in re-
gions excised proximal to the bronchi, and viral loads likely are
not uniform between the five lobes of the ferret lung (Fig. 3).

The collection of extrapulmonary tissues may provide evi-
dence of the capacity for systemic spread of virus, an important
property to monitor given the detection of disseminated infection
in selected cases of highly pathogenic avian influenza (HPAI) in
humans (58). Necropsies are typically scheduled during peak
times of viral replication (i.e., day 3 postinoculation), though ear-
lier and later times are also employed, depending on the questions
addressed in the study (47). Necropsy of ferrets which succumb to
infection or must be euthanized due to reaching humane end-
points midexperiment may provide additional information re-
garding the severity of disease (56). While viral titers in the ante-
rior or posterior brain are generally observed only with highly
virulent viruses, detectable virus in the olfactory bulbs is not un-
common with viruses that have reduced virulence in ferrets, in-
cluding seasonal influenza viruses, given the proximity of this
tissue to the nasal cavity (51).
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FIG 3 Frequently collected samples from the ferret respiratory tract during the acute phase of infection. Examples of variance in location precision and viral load
between different sites and types of samples collected during influenza virus infection in the ferret, and different viral loads and pathology present between
mild/seasonal and virulent/avian influenza virus infection, are shown. Green shading indicates locations of high viral loads in nasal and tracheal samples. Sites
sampled during nasal wash collection may extend beyond the upper respiratory tract, as shown in the inset.

TRANSMISSION MODELS and as such is included as a parameter in the influenza risk assess-
In addition to bearing a hemagglutinin to which there s little orno ~ ment tool (IRAT) (59, 60). Many viruses considered to possess
preexisting immunity and causing disease in humans following pandemic potential meet the first two criteria, illustrating the im-
infection, the capacity for sustained human-to-human transmis-  portance of surveillance and monitoring efforts to detect whether
sion is a necessary feature for the generation of a pandemic virus  novel viruses associated with disease in humans or to which hu-
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FIG 4 Differences in exposure to influenza virus between established ferret transmission models. Naive ferrets (white silhouette) are cohoused with inoculated
ferrets (top, direct contact model) or placed adjacent to inoculated ferrets (bottom, respiratory droplet model). Areas of potential exposure to influenza virus are
depicted in yellow. Arrows indicate dispersion of respiratory droplets expelled from the inoculated ferret.

mans may be exposed have acquired a transmissible phenotype.
Unlike studies which examine molecular determinants of viru-
lence, for which many in vitro assays are available, transmissibility
represents a polygenic trait which must be studied in vivo. A quan-
titative link between estimates of transmission efficiency gener-
ated using the ferret model and secondary attack rates in humans
has further highlighted the role these analyses can serve in assess-
ing the relative risk of influenza viruses with pandemic potential
(61), though the ferret model is not 100% predictive of this prop-
erty and there remains a need for the concurrent use of other
laboratory and genotypic assays to study virus transmissibility.
However, describing existing transmission models to understand
the precise mode of transmission being modeled in a given study,
understanding the limitations of these models, and appreciating
the wide heterogeneity of experimental setups currently employed
in laboratories worldwide are necessary before extrapolating ex-
perimentally generated data to humans or placing results in con-
text with the published literature.

There are currently two established, widely employed models
for examining virus transmissibility between ferrets. The first is a
model where an inoculated and naive ferret are cohoused in the
same shared space to evaluate transmission which occurs in the
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presence of direct contact (DC model) (38, 55, 62) (Fig. 4). In this
model, the inoculated and contact ferrets are in direct contact with
each other, share common food, water, and bedding, and breathe
the same air. Therefore, if the naive ferret does become infected,
any part of this three-dimensional space could potentially repre-
sent the causative source of the transmission. This model repre-
sents the most permissive transmission model employed in the
field, as it encapsulates multiple modes of transmission, but it
cannot identify any dominant mode of transmission responsible.
The second well-characterized ferret transmission model sep-
arates inoculated and contact ferrets by a partition which permits
airflow exchange between ferrets but eliminates all other sources
of direct or indirect contact (38, 63) (Fig. 4). In other words, the
naive ferret shares no common housing spaces with the inoculated
ferret, ensuring that if the contact ferret becomes infected, the
source must have been respiratory droplets originating from the
inoculated ferret (RD model). This model represents a far more
stringent evaluation of virus transmissibility, as many viruses that
demonstrate the capacity for transmission when ferrets are placed
in direct contact are not transmitted by the respiratory droplet or
aerosol route (64, 65), potentially due to differences in bottleneck
stringency between different routes of transmission (33).
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For both models, transmission is typically assessed by the de-
tection of both infectious virus in contact ferrets during the exper-
imental period and evidence of seroconversion to homologous
virus during the convalescent phase of infection (38). Seroconver-
sion in the absence of virus detection is not unusual, and many
laboratories document this as a transmission event (38, 66—68).
Conversely, low-level detection of virus in contact ferrets in the
absence of seroconversion can often be attributed to direct contact
with virus-containing fomites that did not lead to productive in-
fection in the animal and is not generally considered a true trans-
mission event (64). Transmission studies utilizing bioluminescent
influenza viruses represent an additional variable, as a transmis-
sion event can be identified by the presence of virus by in vivo
imaging in the absence of infectious virus detection in nasal wash
samples (69). Statistical modeling has shown that the predictive
power of ferret transmission experiments can change based on the
criteria used to assess transmission events, underscoring the need
to be precise when describing this property (61).

TRANSMISSION EXPERIMENTAL DESIGNS

In both models described here, there is typically a 24-hour interval
between inoculating the donor ferret and establishing contact
with the naive ferret, primarily to eliminate inadvertent transmis-
sion of inoculum material to the contact. Furthermore, once con-
tact is established, the animals typically remain in continuous ex-
posure for the duration of the experiment. However, several
studies have modulated this parameter, creating contact pairs for
short periods of time during the acute phase of infection to better
understand the temporal dynamics of virus transmission in the
ferret model (49, 70) or establishing contact at different times
throughout the acute phase of infection to determine links be-
tween virus shedding in inoculated ferrets and virus transmissibil-
ity (71). Donor chains, where virus is serially transmitted or pas-
saged from ferret to ferret, have also been employed to model the
selective pressure that may occur by sustained transmission of
viruses through a population (72-74).

There is a great deal of variability in the cage engineering uti-
lized for studies that examine virus transmissibility by respiratory
droplets. Cages can have solid walls on all sides except the shared
plane between inoculated and contact ferrets (38) or can be made
of wire mesh on some or all sides (73, 75, 76), potentially permit-
ting virus-containing aerosols originating from inoculated ferrets
to reach contact ferrets by multiple dimensions. Unsurprisingly,
the perforation size between these cages can vary between labora-
tories (most often it is 0.05 to 0.5 cm? [38, 73, 77], though larger
distances have been reported [76]). The distance between these
paired cages is typically proximal (separated by only 3 mm to 10
cm) (38, 77), depending on the construction of the cages and the
experimental design, though transmission from inoculated to sus-
ceptible ferrets has been reported at distances up to 5 feet (63).
Furthermore, airflow in transmission caging can vary between
laboratories, with examples of directional flow from the inocu-
lated ferret to the contact ferret (70, 75, 77) or top-to-bottom (31,
38), bottom-to-top (73), front-to-back (76), or unspecified (14)
directionality. Modulation of temperature and relative humidity,
the study of which was previously limited to the guinea pig trans-
mission model (78, 79), has also recently been shown to affect
virus transmissibility in ferrets (80). However, ambient tempera-
ture and humidity readings are not always described or specified
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in reports of studies utilizing the RD model, further complicating
direct comparison of results.

Transmission schemes can also be altered to study the ability of
countermeasures to reduce virus transmission. The capacity of
antiviral prophylaxis to block or mitigate virus transmissibility has
been studied by treating inoculated (68) or contact (32) ferrets
with oseltamivir (Tamiflu). Vaccination or prior infection of do-
nor ferrets can be useful when determining the efficacy of virus
transmission under immune pressure (studied with both homol-
ogous and heterologous challenge viruses) (81-85) or when deter-
mining the efficacy of novel vaccine or antiviral candidates to limit
transmission (68, 86). These and other modifications to transmis-
sion schemes illustrate the high plasticity of this model and utility
of these data for numerous applications beyond initial virus char-
acterization but, given the wide range of alterations possible, sim-
ilarly underscore the need for precision in how these data are
presented and contextualized.

CONCLUSIONS

Ferrets have become a ubiquitous, essential tool for evaluating the
pathogenicity, transmissibility, and tropism of influenza viruses.
However, with this ubiquity comes pronounced heterogeneity in
experimental methods utilized in the field to assess these param-
eters. As highlighted in Table 1, this heterogeneity can serve as a
benefit, as multiple laboratories contributing to initial assess-
ments of pathogenesis and transmission can eliminate biases in-
herent in experimental conditions and strain-specific influences.
The use of additional techniques and methods in the field not
covered in this review further emphasizes this point. As influenza
viruses from avian, swine, and other hosts continue to cause hu-
man infection, the continued assessment in animal models of se-
lected viruses believed to pose a pandemic risk is essential. In-
creased use of nontraditional inoculation routes and doses should
be embraced when possible to better emulate the range of real-
world exposures likely to result in human infection. Greater pre-
cision in descriptions of experimental methods when publishing
and sharing research will improve the ability to conduct larger-
scale analyses of trends present among particular virus subtypes or
other features with statistical rigor not generally possible in indi-
vidual studies (61, 87).
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